The p53-binding protein 53BP1 has been implicated in the DNA damage response and genomic instability. Previous reports have highlighted these roles in vivo in haematopoietic lineages. To investigate the importance of 53BP1 to the DNA damage response in epithelial cells in vivo, we have investigated the role of 53BP1 in mediating apoptosis and proliferation within the murine small intestine following c-irradiation. 53BP1 deficiency does not affect the immediate response to c-irradiation with normal levels of apoptosis, proliferation and p53 and p21 accumulation. However, 48 h post-c-irradiation there was a significant accumulation of cells with much larger nuclei marked by p53 and p21 accumulation. These data reflect increases in polyploidy observed 53BP1À/À deficient fibroblasts following c-irradiation. At 72 h post-irradiation both the 4N and 8N populations were significantly increased in 53BP1À/À MEFS. Taken together, these results show that following in vivo exposure to c-irradiation, 53BP1 is dispensable for signalling apoptosis and cell-cycle arrest in the intestinal epithelium. However, it is important for prevention of genomic instability within this epithelial cell population.
Introduction
53BP1 is a vertebrate BRCT protein originally identified in a yeast two-hybrid screen as a protein that interacts with the tumour suppressor p53 (Iwabuchi et al., 1994) . 53BP1 binds to the central domain of p53 through its BRCT (BRCA1 C-terminus) domain (Derbyshire et al., 2002; Joo et al., 2002) and can stimulate p53-mediated transcription activation of reporter genes (Iwabuchi et al., 1998) . 53BP1 was found to bind wildtype but not mutant p53, which suggested it may be involved in p53-mediated tumour suppression (Iwabuchi et al., 1994) .
53BP1 has been postulated to be an important, early mediator of the DNA damage checkpoint and it has been suggested to be required for the accumulation of p53, G2/M checkpoint arrest and the intra-S phase checkpoint in response to irradiation in vitro (DiTullio et al., 2002; Wang et al., 2002; Fernandez-Capetillo et al., 2003) . Following irradiation, 53BP1 rapidly (within minutes) relocalizes to multiple, discrete, nuclear foci (Schultz et al., 2000; Anderson et al., 2001; Rappold et al., 2001) . These 53BP1 foci co-localize with foci of the MRE11-RAD50-NBS1 complex (Schultz et al., 2000; Anderson et al., 2001 ) and g-H2AX foci (Schultz et al., 2000; Rappold et al., 2001) , both known DNA damage response proteins. g-H2AX foci have been shown to localize at double-strand DNA breaks and g-H2AX is essential for 53BP1, Breast Cancer 1 gene, mediatior of DNA damage checkpoint 1 and MRE11-RAD50-NBS1 complex recruitment to sites of DNA damage (Fernandez-Capetillo et al., 2003; Motoyama and Naka, 2004) . Atania-telangiectasia-mutated/protein (ATM) and 53BP1 can be co-precipitated from extracts of radiation-damaged, but not undamaged, cells (DiTullio et al., 2002) and the function of 53BP1 is tightly linked to that of ATM, especially after cellular exposure to low doses of iradiation (DiTullio et al., 2002; Wang et al., 2002; Fernandez-Capetillo et al., 2003) . The phosphorylation of at least a subset of ATM targets including Chk2, SMC1 and BRCA1 at radiationinduced DNA strand breaks requires 53BP1 (DiTullio et al., 2002; Wang et al., 2002; Ward et al., 2003) . 53BP1 is therefore thought to be central to the transduction of the DNA damage signal to p53 and other proteins (Wang et al., 2002; Fernandez-Capetillo et al., 2003) . It also appears to function as an adaptor that recruits ATM, ATR and their targets to the sites of DNA damage (DiTullio et al., 2002; Wang et al., 2002) . Consolidating these in vitro data, mice that are deficient in 53BP1 are growth-retarded, immune-deficient, radiationsensitive and cancer-prone Ward et al., 2003) .
In terms of 53BP1 function, the predominant phenotypes have been observed within the haematopoietic system, for example as exemplified by the immune defects and increased predisposition to lymphomagenesis observed in 53BP1 null mice (Morales et al., , 2006 Ward et al., 2004 Ward et al., , 2005 . However, the cellular response to DNA damage can be highly context and tissue type dependent. For example, the majority of cell types do not engage the apoptotic programme following exposure to ionizing radiation. Two of the principal exceptions to this rule are haematopoietic cells of various lineages and the enterocytes of the small intestine. This latter tissue is extremely well characterized in terms of its response to DNA damage, and in this respect is perhaps the best understood epithelial cell type. Given the established role of 53BP1 in lymphomagenesis, we wished to determine if this functionality extended to epithelial cell types, a hypothesis we have addressed in the intestinal epithelium of the murine small intestine.
Loss of 53BP1 does not affect apoptosis or mitosis following c-irradiation
A previous study has shown that 53BP1À/À mice exhibited radiosensitivity . This study also addressed some of the short-term physiological responses to DNA damage in the absence of loss of 53BP1. Within thymocytes, 53BP1-deficient mice were reported to show a 2.1-fold higher rate of apoptosis 8 hours after exposure to 5 Gy of ionizing radiation. To determine the role of 53BP1 in intestinal enterocytes we scored cell death in small intestinal epithelium. In this system, loss of p53 completely abrogates the early apoptotic response to irradiation (Sansom and Clarke, 2000) .
Wild-type and 53BP1À/À mice (Pryde et al., 2005) were therefore irradiated with 5 Gy irradiation and apoptosis and mitosis were scored at 6, 24 and 48 h postirradiation. Apoptosis was scored morphologically from haematoxylin and eosin-stained sections ( Figure 1a ) and this was confirmed at the 6 h timepoint by caspase-3 immunohistochemistry ( Figure 1b) (Marshman et al., 2001; Sansom et al., 2004) . Using both approaches no significant differences in apoptosis was observed at any of the timepoints (P>0.4, all timepoints nX4, MannWhitney). To check whether this failure to see any gross differences in the levels of apoptosis were exclusive to the intestinal epithelium, we next scored apoptosis in the lymphoid cells of the Peyers patches within the intestine (Finke and Kraehenbuhl, 2001) . Once again, no significant differences were observed in apoptosis between wild-type and 53BP1À/À mice (nX3, PX0.4, Mann-Whitney) (Figure 1c ).
Given the previous data implicating 53BP1 as an important mediator of the G2/M checkpoint, we next investigated whether there were any changes in the levels of mitosis following g-irradiation in vivo. Six hours following g-irradiation there was dramatic cell-cycle arrest shown by a significant decrease in mitotic figures in both wild-type and 53BP1À/À intestines (nX3, P ¼ 0.01, Mann-Whitney) ( Figure 1d ). However, there was no significant difference in the levels of mitosis between wild-type and 53BP1À/À mice (P ¼ 0.51, n ¼ 6, Mann-Whitney). In both genotypes levels of mitosis returned to normal levels by 48 h post-g-irradiation. At both 24 and 48 h, loss of 53BP1 did not significantly alter the levels of mitosis (PX0.2, nX3, MannWhitney).
To address whether this failure to show 53BP1 dependency was specific to g-irradiation, we next investigated whether 53BP1 was required to initiate apoptosis and arrest following 5FU damage. Supplementary Figure 1 shows that loss of 53BP1 had no affect on apoptosis, S phase labelling or mitosis 6 and 24 h following 5FU damage (Mann-Whitney, PX0.2, nX4).
53BP1 deficiency does not prevent nuclear accumulation of p53 and p21
Given previous studies showing that p53 is essential for the early wave of intestinal apoptosis (Clarke et al., 1994 (Clarke et al., , 1997 and important for preventing a precocious entry into mitosis follow g-irradiation (Merritt et al., 1997) , our data suggest that p53 was being activated normally in the absence of 53BP1. To investigate this further we performed immunohistochemistry for p53 and its target gene p21. in both wild-type and 53BP1À/À intestines. These data therefore argue that in vivo 53BP1 is not required for activation of p53 nor is it required for the transcriptional activation of one of p53's best known reporter genes, p21. These observations are consistent with previous studies in thymocytes (Ward et al., 2005) , raising important questions of whether the interaction between p53 and 53BP1 is physiologically relevant for DNA damage signalling. This question is particularly relevant given the observation that 53BP1 is required for the efficient localization of p53 to sites of stalled replication (Sengupta et al., 2004) , suggesting that this may be the primary relevant function for 53BP1 with respect to p53.
53BP1 deficiency induces increased nuclear area in vivo and polyploidy in vitro
Staining for both p53 and p21 revealed that at 48 h postirradiation there were a number of cells that stained positively for both p53 and p21 that appeared to have a larger nuclei area (Figure 2f ). To confirm this we then morphometrically scored nuclear area. Figure 3a shows a cumulative plot of nuclear area, where 53BP1À/À mice had significantly increased nuclear area 48 h postirradiation (P ¼ o0.01, Kolomorov-Smirnov, n ¼ 200).
From the nuclear area data alone it is difficult to determine if increases in nuclear area reflect real changes in genomic stability such as aneuploidy or polyploidy. Therefore, to examine whether loss of 53BP1 led to loss of euploidy, we irradiated wild-type and 53BP1À/À primary murine embryonic fibroblasts (MEFS) and performed flow cytometry to analyse DNA content. Untreated 53BP1À/À MEFS had higher levels of cells with a >4N content compared to untreated wild-type MEFS (Figure 3a) . At each of the timepoints 53BP1À/À mice had an increased number of cells with a DNA content >4N (WT: 12-16%, 53BP1À/À: 25-29%) and 8 and 16N peaks were identifiable at 48 and 72 h postirradiation (Figure 3b ). Using this analysis we cannot exclude the occurrence of aneuploidy in addition to the polyploidy.
A tendency toward aneuploidy and/or polyploidy has been also been reported in 53BP1À/À mouse embryonic fibroblasts and in 53BP1 T cells (Morales et al., 2006) . Given our failure to see any obvious 53BP1-dependent cell-cycle arrest differences in vivo, one possible explanation for the increase in polyploidy is that this may have arisen due to a defect after mitosis, possibly with cytokinesis, resulting in endoreduplication. Consistent with this and with the observed p53 and p21 immunostaining in these larger nuclei, a p53-dependent postmitotic checkpoint has been characterized that mediates cell-cycle arrest via p21 CIP1/WAF1 (Lanni and Jacks, 1998) . Thus, Lanni and Jacks (1998) showed that in spindle-disrupted cells that have escaped mitotic arrest without undergoing cytokinesis, p53 is required to prevent re-entry into the cell-cycle. Induction and maintenance of this arrest was shown to require p21 CIP1/WAF1 to a similar extent as after irradiation treatment, indicating that the p53-dependent checkpoint following spindle disruption overlaps functionally with the p53-dependent DNA damage checkpoint (Lanni and Jacks, 1998). Although Lanni and All experiments were performed according to UK Home Office regulations. Mice were irradiated with 5 Gy irradiation using a 137 Cs source delivered at a dose rate of at 0.423 Gy/min. Apoptosis and mitosis were scored using haematoxylin and eosin stained sections as described in Sansom et al. (2004) . (a) 53BP1 deficiency does not affect the apoptotic response following g-irradiation over a 48 h period following 5 Gy g-irradiation. Open bars, wild-type mice; black bars, 53BP1À/À mice. Note the induction of apoptosis in both genotype following g-irradiation. (b) Comparison of apoptosis levels per 25 full crypts in H&E-stained and caspase 3-immunostained sections of the small intestine 6 h after 5 Gy g-irradiation. Open bars, caspase 3-immunostained sections; black bars, H&E-stained sections. Caspase-3 immunohistochemistry was performed as described in Marshman et al. (2001) . (c). Apoptosis levels in Peyer's patches following 5 Gy g-irradiation. Apoptosis was scored in 500 cells per patch over a 48 h period following 5 Gy g-irradiation. Open bars, wild-type mice; black bars, 53BP1À/À mice. Note the induction of apoptosis at 6 h following irradiation. (d) Mitosis scored per 25 full crypts over a 48 h period following 5 Gy g-irradiation. Open bars, wild-type mice; black bars, 53BP1À/À mice. Note the reduction in mitosis in both genotypes 6 h following irradiation. For all analyses at least three mice were scored for every time point and error bars represent standard deviation. (e) p53 immunohistochemistry on wild-type intestines 48 h after g-irradiation, with p53 levels much reduced compared to 6 h. (f) p53 immunohistochemistry on 53BP1-deficient intestines showing cells with high levels of p53 48 h after g-irradiation. Inset shows 53BP1-deficient intestine stained for p21 48 h after g-irradiation. Arrow mark larger p21-positive cells. Immunohistochemistry was performed using anti-p21 (1:500 Autogen Bioclear, Holly Ditch Farm, Wilts, UK) and anti-p53 (MS-104, PAB240 LabVision, Suffolk, UK) using citrate buffer and ethylene diaminetetraacetic acid antigen retrieval (LabVision) respectively.
53BP1 deficiency and polyploidy
Figure 3 (a) 53BP1 deficiency increases nuclear area of intestinal enterocytes 48 h following g-irradiation. Morphometric analysis was performed using the analysis software (Olympus, Middlesex, UK) to quantify nuclear area on histological sections. Untreated wild-type, 53BP1-deficient mice and irradiated wild-type mice all had similar profiles of nuclear area (Kolmorov-Smirnov PX0.5). Intestinal enterocytes from 53BP1-deficient mice 48 h following irradiation had significantly larger nuclear area than irradiated wild-type mice and untreated wild-type and 53BP-deficient mice (K-S, P ¼ 0.01 for all comparisons). (b) 53BP1-deficient primary mouse embryonic fibroblasts undergo polyploidy in response to g-irradiation. Primary murine embryonic fibroblasts were made from embryos at E13.5 as described previously (Strathdee et al., 2001) . Primary MEFs were then irradiated with 5 Gy and cells were harvested 24, 48 and 72 h later. Briefly, for measurement of DNA content, cells were collected, washed in 1% bovine serum albumin in Phosphate-buffered saline and fixed/permeabilized in 70% ethanol at À201C for more then 30 min, before staining with 50 mg/ml propidium iodate in PBS containing 50 mg/ml RNAse A and 0.1% triton X100. Consistent with our changes in nuclear area in vivo, 53BP1-deficient MEFS showed changes in DNA content, with dramatic increases in the 8 and 16N population 72 h following g-irradiation.
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Nuclear area um possibility that 53BP1 may be necessary for a postmitotic checkpoint, loss of which predisposes to polyploidy. Our observation that 53BP1 protects against changes in euploidy in vivo following DNA damage is particularly relevant in the light of recent mechanistic data showing that tetraploidy is an important prerequisite before aneuploidy (Shi and King, 2005) . It has also been shown that tetraploid (though not diploid) p53-deficient mammary epithelial cells can initiate tumourigenesis in nude mice (Fujiwara et al., 2005) . Therefore 53BP1 may act as a tumour suppressor by guarding against the onset of tetraploidy and subsequent aneuploidy. Consistent with this is that 53BP1 deficiency (and heterozygosity) rapidly accelerates tumourigenesis and aneuploidy in p53-deficient mice and accumulation of 53BP1 is seen at the very earliest stages of tumourigenesis before the onset of genomic instability (Bartkova et al., 2005; Gorgoulis et al., 2005; Ward et al., 2005) .
In summary, we have defined for the first time in epithelial cells that 53BP1 is important for maintaining euploidy following g-irradiation though surprisingly is not required for the initiation of apoptosis, cell-cycle arrest or the accumulation of p53 in vivo.
